Lithium silicates have been used as model glasses for scientific and technological studies of glass-ceramics because they easily crystallize in the interiors, even without the addition of any nucleating agent. On the other hand, partial replacement of oxygens with nitrogens affects most properties of oxide glasses, but its effect on the crystallization kinetics of the glasses has been poorly documented. In this work, we report, for the first time, on the crystallization kinetics of nitrited lithium silicate glasses. The oxynitride glasses were prepared by partial substitution of oxygen by nitrogen, up to 6 at.% N/(N+O), by melt-quenching the liquid under N 2 atmosphere inside a glove box. As expected, the density, microhardness, and Young's modulus of the glasses improved with increasing nitrogen content. Higher values of glass transition and crystallization peak temperatures were also obtained with an increase in the nitrogen content. Rietveld refinement analysis after adequate thermal treatment revealed that addition of nitrogen led to increasingly higher contents of lithium metasilicate at the expense of the (expected) lithium disilicate crystal phase. Crystallization kinetic parameters such as the activation energy and 2 Avrami index were calculated using Ozawa's equations. These two parameters also increased with increasing nitrogen content, whereas the crystal growth rates decreased with increasing nitrogen content. The above-described changes in the properties of the oxynitride glasses are straightforwardly explained by the increase in the connectivity of the glass network, which results in enhancement of the atomic packing density owing to partial substitution of twocoordinated oxygens by three-coordinated nitrogens.
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Introduction
The discovery of glass-ceramics by S. D. Stookey in the early 1950s fostered extensive research work on the interrelations among their composition, processing, crystallization kinetics, and the resulting microstructures, properties, and potential applications [1] [2] [3] [4] . In this context, lithium disilicate (Li 2 Si 2 O 5 ) glasses have been extensively used for investigating the crystallization kinetics and thermal, mechanical, and electrical properties of the resulting glassceramics [5] [6] [7] [8] [9] . Lithium-disilicate-based glass-ceramics have commercial significance and have been widely used in dental restoration, armor material, hard disc substrates, and other high-tech applications owing to their good processability and mechanical performance [10] [11] [12] [13] [14] .
Stoichiometric lithium disilicate glass is a relatively good glass-former that undergoes internal (homogeneous) crystallization when properly heated, even without the addition of any nucleating agents. This glass can exhibit two stages: amorphous and fully crystalline [15] [16] [17] [18] .
Therefore, the properties of lithium disilicate glass-ceramics can be tuned within a wide range through adjustment of the relative amounts of the glass and crystal phases as well as of the crystal size. Overall, the lithium disilicate system has been extensively studied in terms of its nucleation and growth kinetics [17, [19] [20] [21] [22] .
In view of the above background, introduction of nitrogen into this glass composition could be an interesting strategy to not only improve some properties but also understand its effect on the crystallization kinetics. Studies over the last decades have shown that addition of nitrogen to oxide glasses significantly affects their physical, chemical, mechanical, optical, and thermal properties [23] [24] [25] [26] [27] ; however, information on the crystallization kinetics and on oxynitride glass-ceramics is scarce. For instance, the glass transition and crystallization temperatures, the elastic moduli, and the lithium mobility increase [28] whereas the thermal 4 expansion coefficient decreases [29] [30] . Introduction of nitrogen into stoichiometric Li 2 Si 2 O 5 glass through partial substitution of two-coordinated oxygen atoms by three-coordinated nitrogen atoms is probably a key reason for the change in properties, because it results in a glass structure with a greater degree of connectivity [25, 26, 30] . This increase in the degree of network connectivity, along with the more covalent nature of the Si-N bonding, causes the glass network to contract and rigidify. Several studies have been conducted on oxynitride glasses, and some of the most relevant ones are discussed below.
Luo et al. [31] prepared La-Ca-Al-Si-O-N oxynitride glasses and investigated the effects of N/O and La/Ca ratios (equiv%) on the density, thermal expansion coefficient, glass transition temperature, crystallization temperature, Vickers hardness, bending strength, and leaching rate.
They found that nitrogen enhances the beneficial effects of lanthanum on all of these properties.
Luo et al. [32] also prepared Zn-Sr-Y-sialon glasses by melting batches under N 2 atmosphere.
They conducted an infrared spectroscopy study to determine the structural units of these glasses. mol% (R = Li or Na; R′ = Mg, Ba, or Zn), which were exposed to ammonia above 600°C for up to several days. They found that nitrogen increases the glass transition temperature and decreases the thermal expansion coefficient and the dissolution rate in water. These changes in the properties of phosphorus oxynitride glasses resulted from the strengthening of the glass network by 5 substitution of P-N for P-O bonds. Paraschiv et al. [34] studied the influence of nitridation of metaphosphate glasses on the liquid fragility by means of calorimetric measurements. They found that incorporation of nitrogen into the phosphate network led to a strengthened, polymerized network. Hence, this phenomenon contributed to higher T g and densities and to lower liquid fragility.
In an another study, Qu et al. [35] Rocherullé and coworkers conducted nonisothermal devitrification studies on LiSiAlON glasses, in which the Li/Si atomic ratio was the same as that in N-free lithium disilicate [37] [38] .
They found that both the oxide glass and the oxynitride glass had the same crystalline phases To the best of our knowledge, no study has thus far been conducted to examine the mechanism and crystallization kinetics of oxynitride lithium disilicate glass-ceramics, which is a highly important model glass-ceramic for many scientific studies and technological applications.
Therefore, the aim of the present study is to investigate the effects of partial substitution of oxygen by nitrogen on the crystallization of lithium disilicate glass.
Experimental procedures

Synthesis of oxynitride glasses
Stoichiometric lithium disilicate (Li 2 Si 2 O 5 ) glasses were prepared with the addition of 0, 1.5, 3.0, 4.5, and 6.0 at.% N/(N+O) by the melt-quenching technique in a glove box under N 2 atmosphere. 50 g batches were prepared using high-purity-grade chemicals: Li 2 CO 3 (99%, ACS reagent, Aldrich), quartz, SiO 2 (99%, ACS reagent, Merck), and Si 3 N 4 (99%, Merck). The reagents were thoroughly mixed and melted at 1300°C for 1 h in molybdenum crucibles because 7 of their high melting temperature (2600°C) and of the absence of oxidation at 1300°C under pure nitrogen atmosphere. In addition, these crucibles are perfectly adapted to melting of silicates or phosphates glasses by means of a high frequency furnace. The glass melts were cast onto a molybdenum plate inside a glove box under N 2 atmosphere. Annealing was performed well below the glass transition temperature (T g -50°C) for 2 h to reduce the internal stresses without inducing significant crystal nucleation. The nitrogen content was determined using a LECO analyzer. No significant difference was found between the nominal and experimental values.
Density and mechanical properties
The density was measured using Archimedes' method in an alcoholic buoyant medium with an error of ±0.01 g·cm -3 . Vickers microhardness was measured using a Vickers hardness tester (Equilam) under 50 MPa. The accuracy of the measured Vickers hardness was estimated to be within ±100 MPa. The Young's modulus was measured by the ultrasonic velocity technique.
This technique is based on time-of-flight measurements using the pulse-echo technique and has an accuracy of ±2 GPa. The measured values of the above mentioned parameters are listed in Table 1 .
XRD experiments and Rietveld refinement analysis
To identify the predominant crystalline phases after crystallization of the synthesized lithium silicate oxynitride glasses, vitreous samples were heated up to 800°C at a heating rate of However, the crystal structures of all crystalline phases must be known in order to calculate the powder pattern.
The quantification of an amorphous phase is a step forward in the use of RQA. Analysis of amorphous phases in crystalline samples by adding a suitable internal standard have been reported [39] . Mixtures with a weighted amount of a well crystallized standard, in our case Y2O3, have been prepared with the investigated materials. Then mixtures have been analyzed by 9 powder diffraction and Rietveld phase analysis. If a sample has an amorphous phase, the crystalline phases will have smaller Rietveld refined weight ratios than those calculated from the weight mixtures. In the same way, the standard phase will be overestimated. The procedure relates the amorphous phase content to the small overestimation of the crystalline standard in the Rietveld refinement. It has been stated [40] that a proper phase analysis should allow the measurement of phase contents with an accuracy close to 2%.
Crystal growth measurements
Experimental crystal growth rates (U) were obtained by subjecting vitreous samples of dimensions 2.0 mm × 2.0 mm × 1.5 mm to isothermal treatments. All experiments were performed in a vertical furnace, and the temperature was monitored using a single appropriately calibrated (±1°C) K-type thermocouple. After the thermal treatments, the samples were polished and the polished face was attacked by an acid solution containing 0.2 HCl/0.6 HF (vol%) for 10 s. The formed crystals were observed in a Neophot Carl Zeiss Jena optical microscope using a 50X objective. The radii of the largest crystals were measured and plotted as a function of time.
The crystal growth rates were obtained from the slopes of dR/dt = U.
DSC Analysis
Nonisothermal crystallization kinetics was determined in terms of the Avrami index and the activation energy for crystallization. For this purpose, DSC experiments were performed in a Netzsch DSC 404 apparatus. All experiments were performed using platinum crucibles under air atmosphere. Small vitreous samples weighing approximately 15 mg were subjected to different heating rates (ϕ = 10, 15, 20, and 25°C·min -1 ) from 30°C until appearance of the crystallization peak. The Ozawa method [41, 42] was employed to calculate the Avrami index n by the following equation:
where x is the crystallized volume fraction obtained by area integration of the crystallization peak temperatures in the DSC experiments.
The activation energy for crystallization was calculated using the Ozawa method [43] by the following equation:
where T P is the crystallization peak temperature, R is the universal gas constant, and C is an empirical constant.
Results
The studied glasses changed from transparent colorless to deep gray with increasing nitrogen content. They were carefully observed under an optical microscope. They were free from bubbles, crystals, and striae after being annealed at a temperature below the glass transition temperature (T g -50°C) for 2 h. Table 1 presents the effects of the nitrogen content on the glass transition temperature (T g ) and crystallization peak temperature (T P ) (at 10°C·min respectively, can be considered as quite good [51] .
The samples with a nitrogen content lower than or equal to 3% are fully crystallized at 800°C. When the nitrogen content reaches 4.5% or more, Li 2 SiO 3 becomes the main crystalline phase and an amorphous phase appears, thus the sample is assumed to be not fully crystallized.
This residual glassy content (A%) is calculated by refining the diffraction patterns and assuming that R s =W s . (30%). The corrected weight contents are given in italics. We observe that the glassy 12 13 phase increases up to 30% while the Li 2 Si 2 O 5 content decreases down to 8% for the glassceramic the most enriched in nitrogen.
To gain a better understanding of this phenomenon, a schematic representation of the above-described crystallization process is shown in Fig. 1 . 
Crystal growth measurements
The crystal growth rates (U) were measured by observing the crystals that grew after thermal treatments at 620, 650, and 690°C for different times under an optical microscope. Figure 2 shows optical microscopy (OM) images recorded in the reflected-light mode from the cross section of the glasses N1.5, N3, N4.5, and N6 that were treated at 620°C for 50 min. From these micrographs, it is evident that for all glasses, crystal growth was predominant in the sample interiors. The crystal morphology in the stoichiometric (N-free) lithium disilicate glass [45, 48, 52] , i.e., ellipsoidal morphology, was corroborated for the N4.5, and N6 glasses, whereas a needle-like morphology was predominant in the N3 glass. Under any given thermal treatment, 14 the degree of crystallization decreased with an increase in nitrogen content. The glass N1.5
shows a significant degree of overall crystallization throughout the samples, whereas the other glasses exhibited a significant fraction of a residual glassy phase. Thieme and Russel [46] The crystal growth rates were calculated from the time dependence of the radius (R) of the largest crystals observed on the cross sections, i.e., as U = dR/dt. In all cases (ellipsoidal and needle-like morphologies), the R values corresponded to the length of the major axis of the crystals. Figure 3 shows a plot of R as a function of time for the N3, N4.5, and N6 glasses heattreated at 620°C for different times. The plot reveals a linear behavior. Moreover, it is clear that the crystal sizes decrease with increasing nitrogen content. Figure 4 shows the temperature dependence of the crystal growth rates (U) for all the studied glass compositions at temperatures of 620, 650, and 690°C. The U values were calculated from the slopes of the plot of the time dependence of the radius (R versus t) illustrated in Fig. 3 . As expected, the crystal growth rates increased with increasing temperature. It is noticeable from Fig. 4 that the crystal growth rates decreased significantly with increasing nitrogen content. For the N6 glass, temperature had a rather weak effect on the crystal growth rate. The crystal growth rates for all the glasses are summarized in Table 3 . 
Nonisothermal crystallization kinetics
The nonisothermal crystallization kinetics was characterized by DSC in terms of the Avrami index (n) and the effective activation energy for crystallization (E c ). DSC experiments were performed using monolithic pieces of glass (15 ± 0.1 mg), which were heated at different heating rates (ϕ = 10, 15, 20, and 25°C·min -1 ) from room temperature until appearance of the crystallization peak. As an example, Fig. 5 shows the DSC curves obtained for the N3 glass for different heating rates. The crystallization peak temperature and the peak height (δT P ) shifted to higher values with an increase in the heating rate. The same behavior was observed for all studied glasses. ).
The mathematical procedure to obtain n has been demonstrated in previous studies [53, 54] . Figure 6 shows the plot of ln(-ln(1 -x)) versus ln(ϕ) (Eq. (1)) for the N3 glass. A linear 19 behavior was observed and the Avrami indexes were calculated from the slopes. The same procedure was performed for the N0, N1.5, N4.5, and N6 glasses (not shown here); the nitrogen content dependence of the Avrami index is plotted in Fig. 7 . It is evident that the Avrami index increases with increasing nitrogen content, from approximately 2.6 to 4. In all cases, the Avrami index indicates that internal crystallization is predominant (over surface crystallization), which is in agreement with the micrographs in Fig. 2 . The fact that the n values for the N0, N1.5, N3, N4.5, and N6 glasses are different than 1, indicates volume crystallization. Therefore, the activation energy for crystallization cannot be calculated using the well-known Kissinger equation, which was derived for unidimensional growth [55] . In view of this fact, we used Ozawa's equation, Eq. (2), to estimate the E c values [43] . Figure 8 shows the plot of ln(ϕ) as a function of 10 3 /T P (where ϕ and T P are the heating rate and crystallization peak temperature, respectively). The activation energy was determined from the slopes of the fitted lines, as shown in Fig. 9 . Here, we consider that the pre-exponential term C, included in Eq. (2), is invariant relative to the exponential term for all the glasses. The activation energy corresponds to the growth of crystals, and it increases from 171 to 360 kJ·mol -1
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with an increase in nitrogen content up to 6 at.% N/(N+O). Figure 8 shows the obtained Ozawa plots for the studied lithium disilicate oxynitride glasses. 
Discussion
It is known that incorporation of nitrogen into any oxide glass network affects the glass properties considerably [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Most properties change in the direction that is expected from the increase in the connectivity of the glass network. The density and some mechanical properties, such as the Young's modulus and shear modulus, increase because of the increased network connectivity. This increase in the degree of network cross-linking, along with the more covalent nature of the nitrogen-modifier cation bonding, causes the glass network to contract and rigidify.
The strength of the Si-O bond (~452 kJ·mol previous study developed a topological model of oxynitride glass hardness by using temperaturedependent constraint theory [29] . According to this linear model, the hardness increase is the result of the increase in the number of both bond-bending and bond-angular constraints. This model is applicable for several alkaline-earth aluminosilicate glasses.
The Rietveld refinement analysis revealed that introduction of nitrogen into the glass structure and subsequent heat treatment of the considered glass samples caused a phase conversion from lithium disilicate to lithium metasilicate. This is the most interesting finding of this research. The fact that silicon could not enter into the crystalline phase (to form the disilicate) is probably a result of its strong bonding with nitrogen, which has three-coordination (Fig. 1) . The Rietveld refinement analysis did not provide any indication of incorporation of nitrogen into the lithium disilicate or lithium metasilicate crystals, which indicates that the nitrogen remained in the residual glassy phase, which was silica-enriched because most lithium was essentially consumed by the two crystalline phases. Evidence of such (residual) silicon oxynitride glass was provided in a previous study [56] . In this previous study, synthesis of This nitrogen content corroborates the above hypothesis of the nitrogen being in the residual glass phase. As a consequence, the viscosity of this residual glass becomes higher than that of the parent glass, and the ability of the silica-rich oxynitride glass to crystallize is then modified.
The thermal properties of oxynitride glasses, e.g., T g and T P , which depend on the structure and nature of bonds, are then clearly affected. These two temperatures increase with increasing nitrogen content as the rigidity of the glasses improves; this is confirmed by the increase in the different elastic moduli, which are generally considered as indicators of the glass network rigidity.
The DSC thermogram for the N3 glass in Fig. 5 shows the shift of the crystallization peak temperature to a higher value with an increase in the heating rate. Such a shift of the crystallization peak temperature implies the presence of a high concentration of nuclei at low heating rates because of the longer time for nucleation. Therefore, crystallization occurs in a shorter period of time at higher heating rates, and the peak is narrower and it should be more intense than those obtained at lower heating rates.
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The Avrami index (n) is a useful parameter for identifying the predominant crystallization
mechanisms. An n value of ~3 suggests bulk or three-dimensional crystal growth, whereas values close to 1 suggest surface nucleation and growth [57] . In this study, we found that the Avrami index of the glasses varied in the range of 2.6-4 and gradually increased with increasing nitrogen content of the glass. This behavior has already been observed for LiSiAlON glasses [37] [38] , whose Li/Si atomic ratio is 1. These glasses can be described by the formula for the oxide and oxynitride glasses, respectively [37] [38] . These numerical values are rather similar and the increase in E c with nitrogen incorporation is quite the same when the N/(N+O) ratios are similar.
Although it has been reported that oxynitride glasses can be converted to fine-textured glass-ceramics [58] , the precise mechanism of nucleation remains uncertain. A reasonable possibility to be considered is that the incorporation of nitrogen may promote phase separation, which might induce precipitation of a large number of nuclei. Another hypothesis could be associated with the fact that oxynitride glasses are usually gray in color. According to a previous study on YSiAlON glasses [59] , this color may be attributed to the presence of a small amount of fine metallic silicon produced from the decomposition of silicon nitride. Energy-dispersive X-ray spectroscopy (EDX) observations showed the presence of spherical particles with diameters of up to 50 µm consisting of Fe and Si, Fe being a significant impurity in most glasses. Thus, it was concluded that the metallic particles were undesirable because they reduce glass transparency and may act as unwanted nucleation sites. In our study, the amount of silicon particles (if they actually existed) was so small that they could not be detected by XRD. It should be noted that a previous study on LiSiON glasses [60] revealed that in oxide glasses, the crystallization temperatures of powder specimens were about 100°C lower than those of bulk specimens, suggesting the occurrence of surface crystallization. In oxynitride glasses, the differences in the crystallization temperatures between the powder and the bulk specimens were smaller, suggesting that the effect of the surface on the crystallization of oxynitride glasses was small. In the above-cited study, the change in the nucleation mechanism between oxide and oxynitride glasses was substantiated by SEM [60] .
Moreover, heat treatments performed at temperatures in the range of 670-925°C for different durations ranging between 1 and 24 h caused the crystalline phases to vary with the nitrogen content [60] . Li 2 SiO 3 as well as Li 2 Si 2 O 5 precipitated, but the crystallization tendency of Li 2 SiO 3 became more pronounced as the nitrogen content increased. However, owing to a Li/Si atomic ratio of about 0.85, cristobalite was also found in the oxynitride glasses. Moreover, no crystalline phase containing nitrogen was observed after the heat treatment at 925°C for 24 h.
This behavior is corroborated by the Rietveld refinement analysis, which reveals that at higher nitrogen contents, lithium metasilicate is the predominant crystal phase after heat treatment at temperatures above T g . The above phenomenon is schematically shown in Fig. 1 .
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Different factors limit the accuracy of the Rietveld method: particle statistics, preferred orientation, and microabsorption. It is generally acknowledged that for quantitative phase analysis, the peak intensities need to be measured to an accuracy of about ±1-2% [61] ; the ability to achieve this is strongly influenced by the size of the crystallites and the number of diffracting crystallites in the sample. The effect of particle size statistics in a sample has been studied [62] , and it has been revealed that diffraction by crystallites increases significantly when the particle size of the powder decreases.
The increases in the activation energy and the Avrami index with an increase in the nitrogen content to 6 at.% lead to an increase in the value of T g by up to 50°C. This finding corroborates previous results, implying that the incorporation of nitrogen into the glass network increases the stability of the glass structure. The OM images of glasses containing different nitrogen contents, shown in Fig. 2 , reveal that the shape and concentration of the crystals change significantly with the nitrogen content. The growth rate of the crystals decreases with an increase in the nitrogen content. This decrease in growth rates is caused by the introduction of nitrogen into the glass. This result also corroborates the theory that after nitrogen incorporation, the glass structure becomes more polymerized and viscous and hinders crystal growth. On the basis of the above discussion, it can be said that the nitrogen content affects the crystallization process of the glass. Moreover, at higher nitrogen contents, the percentage of lithium disilicate crystals decreases with a concurrent increase in the lithium metasilicate phase.
Summary and Conclusions
In this paper, we report on the crystallization pathways and kinetics of oxynitride glasses having a lithium disilicate composition. We studied the effects of nitrogen content on different 29 properties of the glasses. In these mixed ionic glasses, oxygen was partially substituted by nitrogen (up to 6 at.% N/(N+O)), and the glass density, microhardness and Young's modulus increased with increasing nitrogen content. Thermal properties such as the glass transition temperature (T g ) and crystallization peak temperature (T P ) also increased with the introduction of nitrogen. Increases in the activation energy of crystallization and the Avrami index with an increase in the nitrogen content were also observed. However, the growth rate of crystals decreased with an increase in the nitrogen content.
Most of these changes in properties were expected and can be explained by the change in the glass network upon the partial substitution of oxygen by nitrogen. Nitrogen has a higher coordination number than oxygen, which enhances the connectivity of the glass network as well as the atomic packing density.
Upon thermal treatment at high temperatures after the addition of nitrogen, lithium metasilicate formed gradually at the expense of the (expected) equilibrium lithium disilicate phase. This is the most fascinating and unexpected finding of this research. The improved mechanical properties and unusual crystallization behavior of these oxynitride glass-ceramics may renew interest in them and thus warrant further research.
